and during symptom-limited incremental exercise testing with a cycle ergometer. Vo2 was calculated from respired gas analysis on a breath-by-breath basis. Cardiac output determinations were made with a computerized cadmium telluride detector every 10 seconds during exercise. The Vo, time M aximum cardiac output or oxygen transport, which reflects the severity of heart failure and determines the activity during daily life, does not necessarily correlate with ejection fraction (EF) or cardiac output measured at rest.1-3 Accordingly, exercise testing is valuable for establishing the extent of the patient's cardiovascular failure. Maximal oxygen uptake (Vo2max) (failure of Vo2 to increase despite increasing work rate) is normally limited by maximum oxygen transport, which is generally determined by maximum cardiac output.4 However, this parameter is often difficult to obtain clinically because of limitations such as leg discomfort occurring before the target work rate was attained.
Peak Vo2 or exercise time can be measured simply at the end of incremental exercise testing. However, neither may necessarily be reliable parameters of cardiovascular capacity,5 because they are easily influenced by patient motivation as well as the subjective evaluation of the physician with regard to the end point of the exercise test. Therefore, in the examination of cardiac patients, there is a considerable amount of interest in obtaining submaximal measurements of aerobic function rather than parameters requiring maximal exercise effort. Oxygen transport may be adequate at rest even in patients with severe left ventricular (LV) dysfunction. However, during exercise, the increase in oxygen demand by muscle cells requires that their blood flow be increased. The increase in Vo2 by muscles reflects the ability of oxygen supply (cardiac outputxarterial 02 concentration) to increase appropriately to meet the oxygen requirement.6 Inadequate cardiovascular function can theoretically be estimated noninvasively from the pattern of Vo2 increase in response to exercise. The kinetics of Vo2 in response to the onset of constant work rate exercise should be determined by the kinetics of the cardiac output response. Little is known, however, about the relation between cardiac function and Vo2 kinetics in response to constant work rate exercise in patients with cardiovascular disease.
To test the hypothesis that a small impairment in resting cardiac function, which may not necessarily affect peak Vo2 or exercise capacity, can profoundly affect early dynamics of Vo2 during exercise, we mea-sured Vo2 during constant work rate exercise in addition to incremental exercise testing in patients with myocardial infarction. We then compared Vo2 kinetics and peak Vo2 between patients with low EFs and patients with preserved EFs. Cardiac output was also monitored continuously with a cadmium telluride detector to evaluate the contribution of cardiac function during exercise to Vo2 kinetics.
Methods

Study Patients
Forty patients with a history of prior myocardial infarction were included in the study. There were 36 men and 4 women ranging in age from 26 to 77 years (Table 1) . No patient had had a myocardial infarction within 1 month preceding enrollment in the study. Excluded from our study were patients with effort angina. At the time of the study, all patients were clinically stable and in sinus rhythm. They were all sedentary and not involved in a special exercise training program before the study. All medications were withheld for 24 hours before the study. In particular, no patient was taking a 3-blocker within 1 week before the study. The nature and purpose of the study as well as the risks involved in the study were explained to the patient. Informed consent was obtained before enrollment. To assess the role of resting cardiac performance on exercise capacity and Vo2 kinetics, the data were analyzed after the patients were divided into two groups according to the LVEF at rest; in group 1 the EF was >35%, and in group 2 the EF was <35%.
Exercise Protocol
Exercise testing was performed in an upright position on an electromagnetically braked cycle ergometer, Siemens-Elema 930 (Siemens Elema AB) for 
Measurements of Cardiac Output and Vo2 During Exercise
The detailed methods used for this study have been reported previously.15-'7 A computerized cardiac monitoring system (RRG-607, Aloka Co. Ltd), which consists of a cadmium telluride detector (A-116, Radiation Monitoring Devices), was used to continuously monitor LV function. After the patient's red blood cells were labeled with 30 mCi of '99Tc by the semi-in vivo method, the cadmium telluride detector was positioned over the LV region by a vest. The LVEF was calculated by using 70% of the end-diastolic counts as the background activity, as follows: EF=SC/[0.3xEDC] where EF is ejection fraction, SC is stroke count (end-diastolic count minus end-systolic count), and EDC is end-diastolic count.
The resting stroke volume was calculated from the cardiac output using the dye dilution method and was used to calculate absolute values of stroke volume from the EF derived by the radioactive counting technique. Accordingly, exercise stroke volume was calculated using the stroke count by measuring the change from rest. After the test, stroke volume and cardiac output (stroke volume x heart rate) during the exercise were determined by using 10-second averaging.
Variables including Vo2, CO2 output (Vco2), and the rate of respiratory air flow were measured at rest (while seated on the ergometer) and throughout the exercise period with a Respiromonitor RM-300 (Minato Medical Science). 18 The Respiromonitor RM-300 consists of a microcomputer, a hot wire flowmeter, and a gas analyzer, which contains a sampling tube, filter, suction pump, 02 analyzer made by a zirconium element, and an infrared CO2 analyzer. The Respiromonitor RM-300 calculated breath-by-breath Vo2 and Vco2 on the basis of the mathematical analysis described by Beaver et The resting heart rate, Vo2, LVEF, stroke volume, and cardiac output were all determined as the average of 2 minutes, with the patient sitting on the ergometer before the start of the exercise. The heart rate, Vo2, and cardiac output 
Constant Work Rate Test
The constant work rate exercise intensity level was 41±9 W in group 1 and 39±8 W in group 2, demonstrating no statistical difference ( Table 2 ). The resting heart rate, blood pressure, Vo2, and cardiac output as well as the same variables at 6 minutes of constant work rate exercise are shown in Table 2 . The resting heart rate was 82±10 beats per minute (bpm) in group 2 and was significantly higher (P=.003) than that of group 1 (72±10 bpm). The heart rate at 6 minutes of constant work rate exercise also was significantly higher in group 2 when compared with group 1 (P=.003). However, both resting as well as 6-minute measurements of blood pressure, Vo2, and cardiac output did not differ between the two groups.
The computer-derived line of the best fit to a single exponential model of the Vo2 response is shown in Fig  1A for Fig 1B) . The mean value of the time constant of Vo2 was 58.0±7.6 seconds in group 2 and was significantly longer than that of group 1 (45.8±10.5 seconds, P=.0002). Fig 2B) . Fig 2A shows the mean response of the cardiac output for each group during constant work rate exercise. There was no statistical difference in either the resting cardiac output or the exercise cardiac output at 6 minutes between the two groups (Table 2) . However, the response in cardiac output during exercise was slowed in patients with lower EFs (group 2). Fig 3 demonstrates The heart rates and stroke volumes during constant work rate exercise are shown in Fig 4 for both groups. The heart rate during exercise was consistently higher in group 2 relative to group 1. On the other hand, resting stroke volume in group 1 was higher than that in group 2 (79.1±20.5 versus 65.3±20.5 mL, P<.05). This difference was maintained throughout the exercise period. The arterial-venous oxygen difference [C(a-v)02] at rest and at 6 minutes, which was calculated by dividing Vo2 by the cardiac output, did not differ between the two groups. The time constant of heart rate increase was 74.0±30.9 seconds in group 2 and was significantly longer than that of group 1 (47.8±20.5 seconds, P=.007).
Superficial forearm venous lactate concentration obtained at rest was 1.2±0.6 mmol/L for group 1 and 1.1±0.5 mmol/L for group 2. Although the lactate concentration 2 minutes after the constant work rate exercise was higher compared with the resting value for both groups (2.6±1.3 mmol/L in group 1 and 2.9±1.0 mmol/L in group 2), there was no statistical difference between the groups.
Incremental Exercise Test
The various parameters of exercise capacity are listed in Table 3 . The maximal work rate obtained during the incremental exercise test was 108±18 W in group 1 and 101+24 W in group 2, demonstrating no significant difference between the two groups. The peak Vo2 was 22.0±4.1 mL r min`. kg`in group 1 and did not significantly differ from that in group 2 (21.7+4.6 mL * min`*kg-'). Simi- larly, there was no difference in cardiac output at peak exercise as well as the Vo2 at the gas-exchange threshold between the two groups ( Table 3) .
Discussion
The ability to increase oxygen delivery in a rapid manner during the onset of exercise is crucially important for cellular homeostasis. While the amount of oxygen available for substrate utilization from intracellular stores of oxymyoglobin is small, the oxygen requirement of muscle tissue increases approximately exponentially. 26 The matching of Vo2 to cellular oxygen requirements is dependent on circulatory function. The delayed pulmonary Vo2 kinetics observed in our study closely reflect muscular Vo2 after the onset of constant work rate exercise. The delayed Vo2 kinetics are most likely caused by a decrease in oxygen availability to poorly perfused segments of exercising muscle as a result of an insufficient increase in cardiac output. This was also associated with an increase in the cumulative difference between exercise steady-state Vo2 levels and levels noted throughout the non-steady-state period, ie, the oxygen deficit. 21 The oxygen deficit may be accounted for by the use of preformed chemical energy stores in the muscle, as well as the use of stored oxygen from tissue and blood sources and, finally, the formation 2)
E- 20 25 We determined the intensity of the constant work rate exercise as 80% of the patient's gas-exchange threshold; no difference was found in the selected intensity (work rate) of the constant work rate exercise between the two groups (Table 2) . However, the venous lactate concentration 2 minutes after the constant work rate exercise was higher than the resting value for both groups.
The elevated lactate concentration, even at this work rate determined to be below the gas-exchange threshold, could have been a consequence of relatively slow adaptation of 02 transport, especially in group 2, at the onset of exercise.28 Further, during exercise, accumulation of lactate might be independent of 02 availability. large increase in lactate concentration in both groups. The slowed Vo2 kinetics accompanying blood lactate increase might have been better characterized by an additional component using a double exponential equation,31 while the model order for fitting would not significantly alter the apparent kinetics. 32 The kinetics of Vo2 response would be slowed with age. 33 The large overlap of the time constants of Vo2 (and cardiac output) for groups 1 and 2 might be partly a result of the relatively wide range of age in the patients of the present study. Before the start of constant work rate exercise, the patient's feet were moved onto the pedals by a technician. This movement of the feet just before exercise might have influenced slightly the early part of the kinetics for heart rate, cardiac output, and Vo2. The Vo2 attained at 6 minutes during constant work rate exercise, ie, the exercise steady-state Vo2 level, did not differ between the two groups. Similarly, cardiac output during constant work rate exercise at 6 minutes in group 2 did not differ from that of group 1 despite impairment of resting LVEF and insufficient increases in stroke volume during exercise. This is most likely secondary to compensatory increases in heart rate ( Fig  4) . This compensation may be applied to the maximal cardiac output during incremental exercise, which did not differ between the two groups.
Exercise performances were similar between patients with lower resting LVEFs and those with preserved resting EFs for the incremental exercise test. However, there was a significant difference in Vo2 kinetics during submaximal constant work rate exercise. The slowed Vo2 response must reflect the slowed heart rate and cardiac output responses in the patients with lower EFs. These findings suggest that Vo2 kinetics analysis after the onset of exercise provides a noninvasive means to assess the rapidity with which cardiac output can increase in response to exercise.
Mechanisms controlling the heart rate response during dynamic exercise are well summarized in the recent review by Hughson.28 As the heart rate increases during exercise, the proportion of parasympathetic neural influence on heart rate decreases, and the proportion of sympathetic neural control increases.2834 The major neural factor responsible for the rapid heart rate response at the beginning of exercise, such as from a resting heart rate of 60 bpm to an exercise heart rate of 100 bpm, has been found to be parasympathetic with- We noted an insufficient increase in stroke volume (Fig 4) in patients with lower EFs. This may be attributed to prior myocardial infarction or impaired myocardial contractility probably as a result of myocardial ischemia during the onset of exercise, although STsegment change was not apparent during this period. In the present study, myocardial 201TI scintigraphy with dipyridamole or exercise stress testing was evaluated in 24 patients (11 in group 1 and 13 in group 2). 201TI redistribution, which is thought to be the presence of the ischemic segment perfused by the stenotic vessel,40 was noted in 18 patients (10 in group 1 and 8 in group 2). The failure of systemic vasodilation to produce sufficient afterload reduction during exercise may also be implicated in the impaired stroke volume response.
In the present study, cardiac output during exercise was evaluated with a computerized cadmium telluride detector, which allowed for a beat-to-beat assessment of the radionuclide time-activity curve. As previously de- There was no relation between resting cardiac function and exercise capacity, such as peak Vo2, in patients with prior myocardial infarction. The range of resting EFs in our patients was relatively narrow, however (24. 5% to 51.1%). Moreover, the dynamic response of Vo2 during constant work rate exercise was altered by resting cardiac function and increases in cardiac output.
In conclusion, our study demonstrates that the prolonged time constant of Vo2, which is primarily determined during early parts of exercise, reflects delayed cardiac output response in patients with severely impaired LV function. Thus, the time constant of Vo2 during submaximal constant work rate exercise could be used as a sensitive and discriminant measure of impaired cardiac reserve, which is often associated with symptoms of dyspnea and fatigue on brisk walking in these patients.
